Although sodium channels have been reported to be inactive after 5-10 minutes of ventricular fibrillation (VF), their state during early VF is unknown. In 12 open-chest dogs, a floating glass microelectrode was used to record intracellular action potentials from the right ventricle during pacing and during electrically induced VF. Before any drug was administered, an initial episode of VF was continuously recorded for at least 20 seconds followed by defibrillation. Recordings were made during VF episodes after superfusion for 15 minutes around the microelectrode site by low (2.8x 10`M) and high (10-4 M) concentrations of tetrodotoxin (TTX) in five dogs, or by low (4 g&M) and high (100 ,M) concentrations of verapamil in another four dogs. In three dogs, VF was induced without drugs three times to determine if the effects observed in the previous dogs were caused by the drugs or by successive episodes of VF. Ten consecutive action potentials were analyzed at the onset and after 5, 10, 15, and 20 seconds of VF. Action potential amplitude and duration during paced rhythm or VF were not changed by the local perfusion of either TITX or verapamil. In the ITX group, the maximum upstroke rate of depolarization of an action potential (Vmax) during paced rhythm was 104±14 V/sec for control cycles before any drug was given, 86± 15 V/sec for the low TIX concentration, and 55± 14 V/sec for the high TTX concentration (p<O.OS versus other two). Vmax decreased from 55 +32 V/sec at the beginning of VF to 37±27 V/sec after 20 seconds of VF for predrug VF, from 39+20 V/sec to 18+ 11 V/sec for low-dose TTX VF, and from 18± 13 V/sec to 12±7 V/sec for high-dose TTX VF (p<0.05 among the three groups). In the dogs receiving verapamil, VF was still inducible with Vm.x not significantly different from predrug VF at the onset and after 5 or 20 seconds of VF but with Vmax smaller (p<0.05) for verapamil than for predrug VF after 10 or 15 seconds of VF. In three dogs, Vma was not significantly different during three successive episodes of VF when no drug was given between the episodes. Thus, the ability of TTX to decrease Vy,, indicates that some sodium channel activity remains in early VF and the inability of verapamil or TTX to prevent VF suggests that both fast and slow channel activity maintains VF during the first 20 seconds.
Sudden cardiac death is a major cause of mortality,1 and most sudden cardiac deaths are caused by ventricular fibrillation (VF).2 For this reason, VF has been studied intensively. It has been studied by cinematography,3 by measuring the dispersion of refractoriness and the VF threshold,4 by mapping activation fronts,56 and by analyzing metabolic variables.7 Even though many studies have been performed, the cellular mechanism of VF is still not known completely. Only a few papers have reported recordings of transmembrane potentials during VF.8-1 Most of these reports suggest that ventricular cells are rapidly excited at the onset of VF, exhibiting action potentials of reduced amplitude, but no systematic statistical analysis has been performed. Akiyamall quantified the changes in action potentials during VF and suggested that VF action potentials are maintained by slow channel currents since they could be inhibited by verapamil. However, Akiyama's data were based on action potentials recorded 1) in reperfused ischemic cardiac cells, and 2) after 5-10 minutes of VF when the activation rate during VF was much slower than that observed in the early stages of VF. 5, 6, 10, 12 Recently, a study by Merillat et al13 further stressed the role of calcium and calcium channels in the initiation and maintenance of VF. In Merillat's study, electrograms in rabbit hearts were recorded by puncture electrodes, which do not furnish information about cellular action potentials during VF. The initiation of VF by alternating current stimulation in Merillat's experiment while the heart was perfused with a very low calcium concentration (80 gM) suggests that VF can be induced by mechanisms that do not require calcium channels.
Cardiac action potentials are generated by many different transmembrane ionic currents. In normal cardiac muscle, the fast sodium currents are primarily responsible for phase 0 of the action potential (depolarization),14"15 but the slow currents also participate. 16 A fast upstroke of phase 0 (Vma) usually indicates sodium channel activity, although the relation between Vm; and sodium channel activity is not linear. 17, 18 In the absence of sodium channel activity, the Vmax of action potentials is caused by slow channels and is thought to be less than 20 V/sec. [19] [20] [21] [22] [23] [24] In a pilot study, we found that Vmax was more than 20 V/sec after the first 20 seconds of VF,25 which implies that the sodium channels were not totally inactivated. Knowledge of the cellular electrophysiology and ionic mechanisms during the early stages of VF is of practical importance for helping understand the mechanisms by which VF is maintained and by which defibrillation is achieved. For example, one hypothesis for the increased defibrillation efficacy of biphasic waveforms is based on the assumption that fast channel activity is depressed or absent at the time of the shock. 26 Because shocks from implantable defibrillators are given during the first 20 seconds of VF, the applicability of the hypothesis to shocks from these devices depends on the degree of activity of fast channels during early VF. The experiments reported in this article were designed to study the cellular electrophysiology and ionic mechanisms during the early stages of VF. This was done by recording transmembrane action potentials in the dog heart and using the fast channel blocker tetrodotoxin (TTX) and the slow channel blocker verapamil to analyze the ionic currents.
Materials and Methods Surgical Preparation
Twelve mongrel dogs weighing 20.3 ± 1.9 kg were anesthetized with morphine (1.5 mg/kg) and a-chloralose (75 mg/kg i.v.). The dogs were intubated with a cuffed endotracheal tube and ventilated with 30-60% oxygen through a respirator (Harvard Apparatus, South Natick, Mass.). Ringer's lactate was infused continuously. a-Chloralose and morphine were given to maintain an appropriate depth of anesthesia. A 10-mg bolus of succinylcholine was given intermittently to control muscle contraction induced by defibrillation shocks. Normal body temperature was monitored with a thermistor in the rectum and maintained with a heat lamp and a heating blanket. An arterial line was inserted into the aorta to monitor the systemic blood pressure. The blood pressure and surface ECG were continuously displayed on an oscilloscope. Blood samples were taken to determine the pH. Po2, Pco2, CO2 content, and sodium, potassium, and calcium concentrations. Blood samples were taken every 30-40 minutes, and potassium chloride, sodium bicarbonate, and calcium chloride were administered or the oxygen concentration of inspired air was altered to maintain the blood electrolytes within the normal range.
The chest was opened through a median sternotomy, and the heart was suspended in a pericardial cradle. The epicardial surface was kept moist by a thin film of Tyrode's solution having the following composition (mM): NaCI 132, KCI 2.7, CaCl2 2.0, MgCl2 1.15, NaHCO3 11.9, NaH2PO4 0.42, and glucose 5. Tyrode's LV FIGURE 1. Schematic representation of the recording and shock electrodes. An anterior view of the heart is shown with the right coronary artery separating the right atrium (RA) and right ventricle (RV), and the left anterior descending coronary artery separating the right and left ventricles. Patch defibrillation electrodes (DF) are sutured on the apicolateral left ventricle (LV) and on the right atrium. A ring is on the anterior right ventricle, which contains one pair of epicardial bipolar recording electrodes and a reference electrode. A floating glass microelectrode is inserted into the center of the ring to record the transmembrane potential.
solution was warmed to 36-38°C before being applied to the epicardium. Two round electrodes (25 mm in diameter) were sutured to the right atrium and to the left ventricular apex for defibrillation ( Figure 1 ). A silicone rubber ring (20 mm in diameter) was sutured on the right ventricle. This ring contained one pair of epicardial extracellular bipolar recording electrodes, a Ag-AgCl reference electrode, and a Teflon tube for the superfusion of drugs. Six to eight suture lines were inserted through the ring and attached to the chest to reduce the local movement of the heart and to maintain a stable intracellular recording. The right ventricle was chosen because it is located anteriorly so that it is easily approached with the floating microelectrode and because its motion could be greatly reduced by the suture lines. Extracellular bipolar activations were recorded at the anterior wall of the left and right ventricles from epicardial loop electrodes. A pair of pacing wires (stainless steel) was sutured on the left ventricular apex for delivering 10 S, stimuli and a train of S2 stimuli (1 kHz, 100 msec, 100 mA) to induce VF.
Experimental Protocol
After stable recordings of intracellular action potentials were obtained, 10 unipolar, cathodal S, pacing stimuli were delivered via the pacing wires at a cycle length of 350 msec and at twice diastolic pacing threshold during which control action potentials were recorded. After the last S, stimulus, a train of S2 stimuli was given during the vulnerable period to induce VF. The intracellular action potentials were continuously recorded from the same impalement during both the paced S, cycles before VF as well as the first 20 seconds of VF ( Figure 2 ). A salvage shock was delivered from a defibrillator (Lifepak 8, Physio-Control Inc., Redmond, Wash.) through the defibrillation electrodes to halt VF.
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Si VF onset 5 sec 10 sec 15 sec 20 sec shock withdrawn FIGURE 2. Example of action potentials recorded before, during, and after predrug ventricular fibrillation (VF). The data for analysis are obtained from the next to the last S, action potential (Si), 10 consecutive action potentials at VF onset, and after 5, 10, 15, and 20 seconds of VF. After the defibrillation shock, action potentials of the ensuing normal rhythm were recorded and the withdrawing of the microelectrode tip leads to the recording of the extracellular electrogram, that is, zero potential and QRS complexes. The difference between the extracellular potential (zero potential) and the diastolic potential during S, rhythm is called the resting potential.
Twelve dogs were divided into three groups. In the first group (five dogs), the TTX group, both low (2.79xl10`M) and high (lx10`M) concentrations of TTX (Sigma Chemical Co., St. Louis, Mo.) were given to block sodium channels. The drug solution was superfused through the Teflon tube onto the epicardium within the ring. Predrug VF was initiated before any drug was administered and the animal was defibrillated. Then TTX solution with low concentration was superfused locally in the ring area for 15 minutes. VF was reinduced. Next, TTX solution was superfused at high concentration in the ring area for 15 minutes, and VF was again induced. Finally, verapamil was given intravenously at a dose of 0.2 mg/kg 10 minutes after high concentrations of both TTX27 and verapamil (100 ,uM) were superfused simultaneously in the ring to investigate if blocking both the fast and slow channels would prevent the induction of VF. Five minutes after intravenous verapamil, the induction of VF was again attempted and action potentials were continuously recorded for up to several minutes.
In the second group (four dogs), the verapamil group, low (4 ,M) and high (100 ,uM) concentrations of verapamil (SoloPak Laboratories, Franklin Park, Ill.) were given to block slow channels. Predrug VF was induced followed by a defibrillation shock to halt VF. Then verapamil solution with the low concentration was superfused locally in the ring area for 15 minutes. VF was reinduced. Next, verapamil solution was superfused at high concentration in the ring area for 15 minutes, and V-F was again induced. Finally, verapamil was given intravenously at a dose of 0.2 mg/kg 10 minutes after a high concentration of verapamil was superfused in the ring. Five minutes after intravenous verapamil, VF was induced and action potentials were continuously recorded for up to several minutes. High concentrations of TITX and verapamil were used because of the uncertainty of the depth of the subepicardial cells exposed to an effective concentration of the drugs. The purpose of administering intravenous verapamil was to expose all of the myocardium to verapamil, not just the tissue under the ring.
Two effects were studied in the third group (three dogs), the control-norepinephrine group. First, a control study was performed to determine if changes in VF action potentials occurred with successive episodes of VF even if no drugs were given. Three episodes of VF were induced at approximately the same time that the predrug, low-dose, and high-dose VF episodes were induced in the other two groups. After these three episodes of VF, the same dogs were also used to study any possible decrease in local sympathetic tone caused by TTX.28 A high dose of TTX was superfused in the ring for 15 minutes, and VF was induced. Then, both TTX and norepinephrine (10`M, Abbott Laboratories, North Chicago, Ill.) were superfused locally for 15 minutes and another episode of VF was induced.
Signal Recordings
Recordings were made with a computer-assisted cardiac mapping system. For intracellular recordings, a conventional microelectrode filled with 3 M KCl was mounted on a 30-,um Ag-AgCI wire that was formed into a spiral to allow the electrode to follow cardiac motion and to maintain a stable intracellular recording. Transmembrane action potentials were recorded at the center of the ring as the difference in voltage between the intracellular microelectrode and an extracellular Ag-AgCl reference electrode (0.8 mm in diameter) fixed on the ring (Figure 1 ). The action potentials were input to a high impedance preamplifier with capacitance compensation (model 750, W.P. Instruments, Inc., New Haven, Conn.). For each glass microelectrode, the amount of capacitive feedback was increased until ringing was observed. Then, the amount of capacitive feedback was slightly decreased until the ringing disappeared. An internal circuit with a square waveform in the Model 750 preamplifier was used to make sure the microelectrode impedance was in the range of 10-40 MQ. After preamplification, the signal was recorded with DC coupling and simultaneously with the extracellular recordings by the mapping system. Intracellular signals were recorded digitally with 12-bit accuracy at a rate of 8,000 samples per second per channel29 and were stored on videotape for off-line analysis.30
Terminology
Predrug VF means VF before any drug solution was
given. Paced action potential (S, action potential) means the action potential induced by the next to last S, stimulus before the induction of VF. The parameters for the analysis of action potentials are as follows: 1) action potential amplitude (APA): the difference between the resting membrane potential (during pacing) or minimum repolarizing potential (during VF) and the maximum potential during depolarization; 2) resting membrane potential (RP): the difference between the extracellular potential and the diastolic intracellular potential. The extracellular potential is obtained by withdrawing the microelectrode tip from the intracellular space to the extracellular space ( Figure 2 ). 3) Vmax: the maximum upstroke rate of depolarization of an action potential. 4) APD80: the interval from the onset (Vma) of the action potential to the time for the action potential to recover 80% of its APA. 5) RR interval: the time interval from the upstroke of one action potential to the upstroke of the next action potential. 6) Takeoff potential: the difference between the RP of the S1 paced action potential and the minimum repolarizing potential just before phase 0 of the action potential during VF. The takeoff potential is present because the activation rate during VF is so rapid that phase 0 occurs before the end of the previous action potential. The smaller the takeoff potential, the more negative the repolarizing potential, so that the takeoff potential approaches zero as the repolarizing potential approaches the RP.
Data Analysis
APA, RP, APD80, RR interval, takeoff potential, and Vmax during both the S, action potential and VF were determined by a computer program based on known calibration signals that were recorded before the experiment. For computation of the amplitude variables, the waveform was smoothed by a five-point averaging filter; the first derivatives were estimated using a five-point least-squares fit to the data. The APA was determined by the difference between the minimum and maximum values of the calibrated action potential in a time interval selected interactively by the investigator, and Vmax was the maximum first derivative between the same two points. The baseline for computing potentials was determined from the mean of the values in a user-selected interval during diastole of the paced rhythm. APDw was sought between two other user-defined points in the repolarization segment of the action potential. APD80 was the time between these points at which the value of the action potential had fallen to a value equal to the takeoff potential plus 20% of the APA. The RR interval for an action potential was the time between Vm,, for the beat and Vmax for the preceding beat. Takeoff potential was the minimum value of the action potential, defined above, with respect to the baseline. Action potentials were measured at the onset of VF and after 5, 10, 15, and 20 seconds of VF ( Figure 2 ). Ten consecutive action potentials were measured at each VF time interval to avoid the arbitrary choice of large or small action potentials. All values from all dogs were pooled for each group at each particular interval of VF, and the mean values and the standard deviation were determined. The data were analyzed using a repeatedmeasures design analysis of variance, treating the dog as a random factor.31 Multiple a posteriori comparisons among means were made using Bonferroni t tests with significance set at 0.05. Comparisons of correlation slopes among groups were made using a homogeneity of slopes model in an analysis of covariance. 32 The model significance and slope calculations were made using a separate slopes model. Values are given as the mean± 1 SD.
Results

Characteristics ofAction Potentials During Ventricular Fibrillation in the Absence of Drugs
No TTX, verapamil, or norepinephrine was given before the first three episodes of VF were induced in the control-norepinephrine group. During S, paced rhythm preceding the three episodes of VF, no significant differences in APA, APD80, or Vmax existed ( Figure   3 ). The RPs during paced rhythm were -82.7±5.5, -83±2.6, and -82±3.2 mV for the first, second, and third episodes, respectively. These RPs were within the range of reported values (-80 to -90 mV) for ventricular muscle.33 During VF, action potentials changed significantly compared with the immediately preceding paced rhythm. APA decreased ( Figure 3A ), APD80 shortened ( Figure 3B ), RR interval shortened ( Figure   3C ), takeoff potential increased, indicating depolarization to less negative potentials ( Figure 3D ), and Vmw, decreased ( Figure 3E ). These action potential parameters at the beginning (the first 10 cycles) of VF were significantly different from those after the fifth second of VF (p<0.05). As VF continued, the rates of change of the variables decreased. For example, the takeoff potential increased from 15 ±9 mV at the onset of VF to 20±9 mV after 5 seconds of VF, and then stayed relatively stable with a value of 21±9 mV after 20 seconds of VF. There was a significant correlation between the takeoff potential and Vma, as shown in Figure 4 . Vma,, decreased as the takeoff potential increased, indicating the voltage dependence of Vma, on the membrane potential. During the three different episodes of VF in the absence of drugs, no obvious changes in APA, APD80, RR interval, takeoff potential, and Vm were observed (Figure 3 ), suggesting that any changes observed in the VF action potential parameters after the administration of TTX and verapamil in the other two groups were caused by the drug and not by the successive episodes of VF.
Effects of Tetrodotoxin on Action Potentials During Ventricular Fibrillation
During S, paced rhythm before predrug VF, the APA was 96+4 mV, the RP was -84+9 mV, the APD80 was 154±18 msec, and the Vm was 104±14 V/sec. During predrug VF, the changes in action potentials were similar to those in the control group, showing a decrease in APA, shortening of APD80 and RR interval, increase in takeoff potential, and decrease in VmaX ( Figure 5 ). There was a significant correlation between the takeoff potential (TOP) and Vmax: Vmax =86.7-2.0 x TOP (r=0.55).
Two findings suggest that some sodium channel activity persisted during the first 20 seconds of predrug VF. One, the mean takeoff potential was about 20 mV during this period, which indicated that the mean transmembrane potential just before the next action potential was about -64 mV, which is approximately the critical voltage necessary for the activation of sodium channels.'7,34 Two, the standard deviation of Vma, during VF was very large with many beats having a Vma, greater than 20 V/sec. Figure 6 shows the cumulative percent of beats for which Vm is equal to or less than a certain value. At the beginning of VF, 60% of the 50 beats analyzed exhibited a VmaX larger than 50 V/sec, while only 15% had a Yn, less than 20 V/sec ( Figure   6A ). As VF continued, Vmax decreased. After 20 seconds of VF, less than 30% of the 50 beats analyzed exhibited a Vmax larger than 50 V/sec, while 25% had a Vmax less than 20 V/sec ( Figure 6E ). The broad range of Vn3,, suggests that slow and fast channel activity probably coexisted, with fast channels contributing to those beats with large Vma,,. The changes in the Via distribution curve with time indicated a decrease in fast channel activity. However, Vma,, for some action potentials could still reach about 100 V/sec even after 20 seconds of VF ( Figure 6E ), demonstrating continued fast channel activity for these cells.
After the local superfusion of TIX, with first low and then high concentrations, there were no significant changes during S1 paced rhythmin APA ( Figure 5A ), APD80 ( Figure 5B ), or RP (-83.5 +5 and -84+4 mV for low and high doses of ITX, respectively). Even though Vrna decreased from 104±14 V/sec for predrug S, action potential to 86±15 V/sec for the low dose of TTX, this change was not statistically significant. However, ViE,x was significantly depressed by the high dose of TTX (55±14 V/sec,p<0.05 versus the predrug or the low dose of TIX).
Thus, the depression of Via, by TIX was dose dependent.
In comparison with the predrug yE, the most obvious change during VF after the local superfusion of TTX was the depression of V by both low and high doses of TTX ( Figure SE ). Vm decreased from 55+32 V/sec at the beginning of VF to 37±+27 V/sec after 20 seconds of VF for predrug VF, from 39+20 V/sec to 18+11 V/sec for low-dose TTX VF, and from 18±13 V/sec to 12±7 V/sec for high-dose TTX VF ( Figure SE) . These changes were significant among these three groups at the different times of VF (p<0.05). The RR interval was longer for high-dose TTX VF than for predrug VF after 5 seconds of VF ( Figure SC ). The takeoff potential was significantly smaller for high-dose TTX VF compared with predrug VF (Figure SD) . The relation between takeoff potential and Vma, changed after TTX was given locally. The relation was Vm,,-38.4-0.8XTOP (r=0.50) for low-dose TI'X VF and Vm,=18.3-0.3xTOP (r=0.23) for high-dose fTX VF. The slope was significantly decreased after the perfusion of TTX (p< 0.05). The cumulative percentage curve for 1ax was shifted to the upper left after the superfusion of TTX in a dose-dependent fashion (Figure 6 ). For example, after the administration of the high dose of TTX locally, the maximum value of Vs,,,, during VF was 63 V/sec. At VF onset, only 5% of the 50 beats analyzed exhibited a Vm,,, larger than 50 V/sec, while 65% of the 50 beats had a Vmn, less than 20 V/sec ( Figure 6A ). More than 80% of the 50 beats analyzed had a Vna, less than 20 V/sec after 20 seconds of VF ( Figure 6E ). There were no significant changes in APA and APD80 between predrug VF and TTX VF ( Figures   SA and SB) . Examples of the VF action potentials are shown in Figure 7 . The range of decreases in APA and RP during VF was wide. APA of both predrug VF and TTX VF could reach almost the same amplitude, but the upstroke of phase 0 of the action potential was slower for TTX VF than for predrug VF as shown by the dV/dt tracings. The action potential during predrug VF occasionally showed a spike at the top of depolarization, which was followed by a dome-shaped repolarization ( Figure 7A ). The action potential during high-dose TTX VF and VF after both local TTX plus verapamil and intravenous verapamil frequently showed a dome curve without a spike ( Figures 7C and 7D) , which implied that the rapid depolarization of the action potential during VF was depressed by high-dose TTX.
After the episode of high-dose TTX VF was defibrillated, perfusion of high doses of TTX and verapamil in the local ring area as well as administration of intravenous verapamil were performed simultaneously. VF could still be induced. During VF, APA decreased, while APD80 and the RR interval shortened ( Figure 5 ).
Although the takeoff potential was decreased ( Figure  5D ), Vmax was still dramatically depressed ( Figure 5E ). The changes were significant compared with predrug VF and lowor high-dose TTX VF (p<0.05). These findings are illustrated in Figure 7D ; APA was smaller in comparison with the above three tracings of action potentials, while the takeoff potentials were stable and less elevated, indicating that APA was decreased when both TTX and verapamil were given, even though the repolarizing potentials returned to more negative levels. Blood pressure significantly decreased from the control value (just before intravenous verapamil) of 92±7 to 60±10 mm Hg 5 minutes after intravenous verapamil.
Effects of Verapamil on Action Potentials During Ventricular Fibrillation
The action potentials during paced rhythm were not changed by the perfusion of verapamil in the ring at either low or high concentration. VF could still be induced. During VF, there were no significant changes in APA, APD80, RR interval, and takeoff potential, TOP, between predrug VF and lowor high-dose verapamil VF ( Figures 8A-8D ). After 10-15 seconds of VF, Vmra was smaller for verapamil VF than for predrug VF ( Figure  8E ). The relation between TOP and Vmax during VF was 1) Vmax=86.8-1.8xTOP for predrug VF (r=0.7); 2) Vmax=83.6-2.5xTOP for low-dose verapamil VF (r=0.7); and 3) Vmax=79.3-2.2xTOP for high-dose verapamil VF (r=0.64). These slopes were not significantly different (p > 0.05).
After the perfusion of verapamil locally together with intravenous verapamil, no obvious changes were observed in APA and Vma between predrug VF and drug VF ( Figures 8A and 8E ), while after 10 seconds of VF the RR interval shortened ( Figure 8C ) and takeoff potential decreased ( Figure 8D ).
Effects of Norepinephrine on Action Potentials During Ventricular Fibrillation
In the control-norepinephrine group, the dogs were also used to study any possible effects induced by the decrease in local sympathetic tone caused by TTX. 28 The first of the three control episodes of VF without drugs was taken as the predrug VF. The effects of high-dose TTX on action potentials during paced rhythm and VF were similar to those observed in the TTX group, showing a significant decrease of Vm (Figure 9 ). No statistical differences in action potential parameters during VF were observed between TTX perfusion alone and TTX perfusion plus simultaneous norepinephrine perfusion in the ring (Figure 9 ). In. comparison with Vmax during the predrug VF episode, Vmax decreased similarly for both TTX perfusion alone and for TTX perfusion plus norepinephrine ( Figure 9E ).
Discussion Fast Channel Activity
Based on the assumption that the takeoff potential during VF is so elevated that the fast sodium channels are inactivated, some investigators have considered activation during VF to be maintained by slow action potentials dominated by calcium currents.35 This assumption was supported by Akiyama,11 who recorded intracellular potentials from isolated dog hearts during VF and found that the action potentials could be inhibited by calcium channel blockade with verapamil but not by sodium channel blockade with TTX. VF was induced in the Akiyama study by occluding a coronary artery for 20 minutes and then reperfusing. Intracellular recordings were recorded from the ischemic-reperfused epicardium after 5 or 10 minutes of VF when the activation rate was about 170 cycles per minute. Therefore, the Akiyama study does not provide information about the activity of sodium channels during VF in the absence of preceding ischemia and/or within the first high TTX high TTX plus verapamil tens of seconds after the initiation of VF when the activation rate is 500-600 cycles per minute.56'1012 In the Akiyama study, VF action potentials in one of the four dogs were not inhibited by verapamil, implying that sodium channel activity during VF sometimes exists even after ischemia and prolonged VF.
Merillat et al'3 recently reported that VF was initiated and maintained in the isolated, nonischemic rabbit heart by slow calcium channel activity and that VF did not occur when the heart was perfused with the calcium channel blockers verapamil and nifedipine. The findings of Merillat et al do not exclude the possibility that fast as well as slow channels are active during VF initiation. Based on the maximum downslope in extracellular unipolar recordings during VF in dogs, Witkowski and Penkoske36 postulated that sodium currents are present but depressed during this period.
In this article, we report information obtained from intracellular in vivo recordings during early VF in dog hearts that were not previously ischemic. In addition to phenomena previously reported, such as the decrease in APA and RP and the shortening of APD and RR interval,8-1' we observed several findings that suggest that sodium channels remain at least partially active during early VF. First, Vm during VF is larger than that caused by slow channels. Second, the takeoff potential during V'F is not sufficiently elevated to inactivate all sodium channels. Third, TTX decreases Vma, during early VF in a dose-dependent fashion. Fourth, highdose TTX alters the correlation between Vm,, and the takeoff potential.
The action potentials of normal contractile fibers of the atria and ventricles show Vma, values that are at least 100 V/sec33'37 and are often significantly higher.38 '39 In this report, the mean Vmn recorded during paced rhythm from normal ventricle was 104 V/sec, which is probably an underestimate because the sampling rate was 8 kHz40 and the pacing rate was higher than that in the tissue bath study. We are unaware of any previous report of Vmn during VF. In this study, Vmax decreased during predrug VF from about 104+14 V/sec in paced rhythm to 55±32 V/sec at the beginning of VF, to 37±+23 V/sec after 20 seconds of VF. Even though Vma decreased during VF, the mean value was still much larger than that for slow channel action potentials, which is thought to be less than 20 V/sec. '1920,33,37,41 This high mean value of Vmw, during VF implies the existence of fast sodium channel activity.
During predrug VF, the standard deviation of Vm,, was very large. For example, Figures 6 and 7 show that Vmax ranged from greater than 100 V/sec to less than 10 V/sec during predrug VF. The inverse relation between Vmax (V/sec) takeoff potential and Vm suggests that the increased takeoff potential contributes to the low Vm',. Another possible reason for the very low Vm', may be explained by loss of the impalement during the rapid VF rhythm. Loss of the intracellular recording is indicated by 1) occurrence of the maximum diastolic potential at zero mV since takeoff potentials should be about 80 mV and 2) the appearance of QRS complexes. A takeoff potential of less than 45 mV and the absence of QRS complexes in the microelectrode recording suggest that a stable intracellular recording was maintained during rapid VF. Therefore, the large standard deviation of Vmax during predrug VF implies that sodium channels are sometimes more available than at other times. We propose that both slow and fast channels are responsible for the action potential during early VF; that is, the larger Vnm, values are caused by fast channels and the lower values probably are caused by slow channels. If this proposal is true, the decrease in magnitude of Vm', as the duration of VF increases implies that fast channels become less and less available so that the domination of slow channels increases as VF continues. Eventually, only slow channels are available, which is consistent with the inhibition of action potentials by verapamil observed by Akiyama after 5-10 minutes of Beeler and Reuter17 reported that sodium current was inactivated by conditioning depolarization; complete inactivation occurred with conditioning potentials more positive than -45 mV and 50% inactivation occurred at about -55 mV. Fozzard and Hiraoka34 reported that 50% of sodium channels were available with a membrane potential of -53 mV. Gilmour and Zipes42 reported that TTX-sensitive action potentials were recorded in ischemic cells having resting potentials ranging from -65 to -53 mV, suggesting the existence of fast inward current. The mean takeoff potential in this study was about 20 mV and the mean RP was -84 mV; thus, the mean membrane potential just before the next action potential during VF was about -64 mV, which is consistent with other reports10"11 and is in the range in which some sodium channels should still be available. In addition, there appears to be an alteration in the inactivation gates during VF. As shown in Figures  4 and 7 and in other reports,43 some action potentials began when the membrane potential was more positive . Tracings of action potentials and dVldt during ventricular fibrillation (VF). Panels A, B, C, and D represent the action potential recordings from the same experiment during predrug VF, low-dose tetrodotoxin VF, high-dose tetrodotoxin VF, and VF after both local tetrodotoxin plus verapamil and intravenous verapamil, respectively. Thefirst action potential was recorded during paced rhythm, which was followed by action potentials at the onset of VF and after 5, 10, 15, and 20 seconds of VF. The horizontal line beneath the tracings of action potentials represents the resting potential level for the corresponding recording. The height of the spikes in the dV/dt below the action potentials indicates the magnitude of the maximum upstroke rate of depolarization.
than -60 mV, levels at which the normal rapid sodium channels are thought to be inactive. This may be caused by the changes in environmental conditions during VF, although intracellular and extracellular ion concentrations and pH in cardiac muscle during early VF are unknown quantitatively. Because the number of active sodium channels is influenced by the membrane potential and the rate of depolarization of the action potential is proportional to the number of active channels,8"44 the membrane potential just before the upstroke of the action potential should be related to VmQ. We observed a. significant correlation between takeoff potential and Vma,, during VF. As the takeoff potential decreased (i.e., became closer to normal RP), Vm increased, reflecting more sodium channels available during VF.
The fast sodium channels are specifically suppressed by 1TX.16,4546 Because the depression of sodium current by TTX is dose dependent,38,45,47 two levels of concentrations of TTX were used in this study. The low concentration of TTX was 2.8x 10`M, equaling the dose used by Akiyama."1 This dose of TTX may have suppressed only part of the sodium current3847 since cardiac muscle is less sensitive to TTX than are neuron axons. 38, 45 Thus, a higher concentration of TTX (10-4 M) was also used in an attempt to suppress almost all sodium current. 47 We found a dose-dependent depression of VmDax by TTX during early VF. The similarity in Vma during the first three VF episodes in the control animals indicates that the decrease in Vm. was not caused by successive episodes of VF. Changes in Vm. by TTX reflect changes in sodium current, although the relation between Vmax and sodium current is not linear.'847 Thus, the depression of Vmax by TTX indicates the existence of fast sodium channels during early VF.
The decrease in the standard deviation of Vm,,, by TTX further supports the conclusion that some sodium channels are available during early VF. As discussed indicates that the value differs significantly from the predrug value for that particular time.
predrug low verapamil high verapamil local plus i.v. verapamil above, since the higher values of Vmax are fast channel dependent, then the loss of these higher values when TTX was given locally ( Figure 6 ) probably was caused by the effects of TTX on the sodium current. No obvious differences in APA or APD80 were observed between predrug VF and TTX VF, which is consistent with reports that TTX may influence Vmax but has little effect on APA and APD in myocardium. 14, 16, 48 Although TTX shortens the APD in Purkinje fibers,45 we are unaware of any report about the effect of TTX on APD in normal dog epicardial tissue. Thus, sodium channel blockers may affect the APD of Purkinje fibers and the APD of myocardium differently. 39 Recently, Miyazaki et a128 reported that epicardial superfusion with Tyrode's solution containing TTX instilled into the pericardial cavity in anesthetized dogs attenuates refractory period responses of the deep ventricular myocardium to efferent sympathetic and vagal nerve stimulation without affecting refractory period responses elicited by intravenous infusion of norepinephrine or methacholine. If the decrease in Vmax we observed was induced by a blockade of cardiac sympathetic fibers by TTX, then Vm should have been increased by adding the sympathetic neurotransmitter norepinephrine to the TTX solution. But depression of Va. similar to that which occurred when TTX was given alone occurred when both TTX and norepinephrine were simultaneously perfused locally in the ring ( Figure  9D ). This implies that the depression of Vmax was caused by a direct effect of TTX on the sodium channels.
After the high dose of TTX was given locally, the correlation between takeoff potential and Vma became weak, suggesting less contribution of the sodium channels to the action potential upstroke. We also observed decreases in both Vmax and the takeoff potential when TTX was given, which suggests inactivation of sodium channels by TTX, since decreasing takeoff potentials to values nearer the RP should have activated more sodium channels, thereby increasing Vmax
Slow Channel Activity
Many studies have demonstrated that verapamil can inhibit slow channel action potentials.20 '27'46 Most of these studies, however, involved additional interventions such as first inactivating the fast sodium channels, either with 1TX or with depolarization of the cells to -40 mV by elevating the extracellular potassium, and then adding catecholamines to increase the number of slow channels available. 46 We examined the effects of two concentrations of verapamil in the ring, first a low dose (4 ,uM) that was equal to that used by Akiyama1l and then a high dose (100 ,uM) that was 10 times the concentration commonly used to inhibit the slow action potential. In contrast to Akiyama's findings, neither concentration of verapamil completely inhibited action potentials.
There are several possible reasons for the difference between Akiyama's results and ours. We electrically induced VF in an open-chest normal heart, whereas he induced VF by 20 minutes of ischemia followed by reperfusion in an isolated perfused heart and observed the inhibition of action potentials in the ischemic-reperfused tissue. The 20 minutes of ischemia probably increased extracellular potassium,49 partially depolarizing the cells and inactivating the fast channels. We present data during the first 20 seconds of VF, whereas he presented data after at least 5 minutes of VF. It is possible that both fast and slow channels are available during early VF but only slow channels are available during late VF, as suggested by Figure 6 in which the Vmw,D distribution shifted to lower values as VF progressed.
Perfusion of verapamil in the ring alone did not obviously affect the action potentials during early VF except for decreasing Vm1 at 10 and 15 seconds after VF onset (Figure 8 ). However, APA decreased and Vmax was further depressed when both TTX and verapamil (perfusion plus intravenous injection) were applied (Figures 5A, 5E, and 7D ). This phenomenon suggests two possibilities. 1) The changes may indicate the existence of both fast and slow channel activity during early VF with fast channel activity having the predominant effect on Vma,. This predominant effect of the fast channels could have masked any effects of verapamil on Vmax unless fast channel activity was completely blocked.
2) The changes in action potentials after the application of both TTX and verapamil may have been caused by the further depression of fast sodium channels because the high concentration of verapamil can block both fast and slow channels. shortened after intravenous verapamil but not after locally applied verapamil ( Figures 5B, 5C, 8B, and 8C ). This phenomenon may be explained as follows. The decrease in blood pressure caused by intravenous verapamil probably increased sympathetic tone, which in turn shortened the action potential and accelerated the RR rate. Thus, verapamil alone may not directly affect the APD during early VF.
Limitations
This study has several limitations. First, the intracellular recordings were made only in subepicardial cells. Therefore, the changes of action potentials during VF are unknown in the remainder of the myocardium and in the Purkinje fibers, which have action potentials that are shaped differently than those of subepicardial cells. 50, 51 Second, less hypoxia and hyperkalemia may have existed on the surface than in the remainder of the myocardium during VF since the epicardium was superfused by a film of Tyrode's solution that contained oxygen from the air and a low potassium concentration. The amount of ischemia and hyperkalemia that developed within the first 20 seconds of VF is not known. However, after coronary occlusion without VF, the extracellular potassium did not begin to rise until 15 seconds after the occlusion and was only slightly elevated 30 seconds after the occlusion as seen in a study by Hill and Gettes (their Figure 2) . 49 Third, the depth of the subepicardial cells that were impaled and the concentration of TTX beneath the epicardium were not known precisely. Because the microelectrode tip was mounted on a thin (30-,Lm) Ag-AgCI spiral wire, it could impale only the superficial subepicardial cells. The significant decrease in Vm,, after perfusion of TTX indicates that an effective concentration of TFX was achieved.
Fourth, the attachment of the ring to the epicardium and the stretching caused by the suture lines between the ring and chest may have altered action potentials within the ring. However, the S, action potential did not appear markedly abnormal (Figure 7) . Implications
The existence of fast channel activity helps explain several characteristics of early VF. The slow channel action potential is characterized by 1) a slow upstroke, with Vm.a usually reported to be less than 20 V/sec19-21,23; 2) a slow conduction velocity, from 0.02 to 0.1 m/sec23,52; and 3) a long refractory period outlasting full repolarization, with postrepolarization refractoriness increasing as the RP becomes more elevated.22,34 As a result, the slow channel action potential is susceptible to block at high rates.2452-56 Thus, it is difficult to explain how the slow channel action potentials can be responsible for the rapid activation rate (500-600 cycles per minute) and conduction velocity (usually more than 0.1 m/sec) observed during early VF in dogs.57,58 Also, myocardial cells can be excited by a shock field that is delivered before full repolarization during early VF,59,60 indicating that the refractory period during early VF is shorter than the APD instead of outlasting full repolarization as does a Both fast and slow channels may be responsible for the characteristics of the early stages of VF. Fast channel activity may be responsible for the rapid activation rate and the propagation of activation while, when the takeoff potential is greater and fast channels are inactivated, slow channel activity may be responsible for slow conduction in some regions, favoring the formation of reentrant circuits. As a result, both rapid activation rates and multiple reentrant circuits may coexist during VF. The fact that the RR interval increased after the administration of TTX implies that the activation fronts and rate can be influenced by the blockade of fast sodium channels with TTX.
These findings have implications for the pharmacological prevention of VF. They may help explain why lidocaine and procainamide, class I antiarrhythmic agents that block the membrane sodium channels to stabilize the membrane electric activity, are useful in the prevention of VF.6263 The fact that class I agents have been found much more useful for the prevention and treatment of VF than have calcium channel block-ers64,65 suggests not only that sodium channels are active during early VF but also that sodium channel activity may be more important than slow channel activity during this time.
These findings also have implications for electrical defibrillation. Defibrillation in some settings, such as with the automatic implantable defibrillator, in the operating room, and in the clinical electrophysiology laboratory, is frequently attempted within 20 seconds of the initiation of VF. Defibrillation is thought to involve stimulation of cardiac tissue by the shock with this stimulation causing full action potentials in some regions and causing prolongation of refractoriness without a full action potential in others.59,6 Our results suggest that sodium channels are involved in this stimulation. Jones et a126 have hypothesized that one reason that some biphasic waveforms are more efficacious for defibrillation than some monophasic waveforms is that the biphasic waveforms are better able to stimulate fibrillating myocardium. Based on Akiyama's study,1" they assumed that sodium channels are inactive during VF and hypothesized that sodium channels are reactivated in those myocardial regions that are hyperpolarized by the first phase of the biphasic shock so that these regions are then more easily stimulated by the second phase that depolarizes these regions. 26 Although this hypothesis may be true for the later stages of VF, our results suggest that it should be modified for earlier stages of VF when some sodium channel activity is still present. The finding by Jones et a166 that the improved defibrillation efficacy of biphasic compared with monophasic waveforms increases as the duration of VF increases supports their hypothesis, since we found that the activity of sodium channels decreases as VF continues.
Summary
It is not practical to study VF in isolated preparations to analyze the ionic currents contributing to VF, since 1) the voltage clamp will derange the organization of the activity and the coupling of the cells and 2) the volume of tissue in the bath is too small to support fibrillation unless the cells are made abnormal, for example, by administering large doses of aconitine or strophanslow channel action potential.61 thin.67 Therefore, we obtained information about the activities of fast and slow channels from single intracellular recordings during early VF by the intervention of administering ionic channel blockers. The results suggest that both sodium and calcium channels contribute to the action potentials during the first 20 seconds of VF, but the activity of the sodium channels decreases with time during this interval.
